Background: Pulmonary arterial hypertension (PAH) progressively leads to increases in pulmonary vasoconstriction. Modafinil plays a role in vasorelaxation and blocking KCa3.1 channel with a result of elevating intracellular cyclic adenosine monophosphate (cAMP) levels. The purpose of this study is to evaluate the effects on modafinil in monocrotaline (MCT)-induced PAH rat. Methods: The rats were separated into three groups: the control group, the monocrotaline (M) group (MCT 60 mg/kg), and the modafinil (MD) group (MCT 60 mg/kg + modafinil). results: Reduced right ventricular pressure (RVP) was observed in the MD group. Right ventricular hypertrophy was improved in the MD group. Reduced number of intra-acinar pulmonary arteries and medial wall thickness were noted in the MD group. After the administration of modafinil, protein expressions of endothelin-1 (ET-1), endothelin receptor A (ERA) and KCa3.1 channel were significantly reduced. Modafinil suppressed pulmonary artery smooth muscle cell (PASMC) proliferation via cAMP and KCa3.1 channel. Additionally, we confirmed protein expressions such as Bcl-2-associated X, vascular endothelial growth factor, tumor necrosis factor-α, and interleukin-6 were reduced in the MD group. conclusion: Modafinil improved PAH by vasorelaxation and a decrease in medial thickening via ET-1, ERA, and KCa3.1 down regulation. This is a meaningful study of a modafinil in PAH model.
P
ulmonary arterial hypertension (PAH) is a refractory disease and all occurrences of PAH exhibit increased pulmonary vascular resistance and pulmonary vascular remodeling (1, 2) . The disease is a progressive condition characterized by elevated pulmonary arterial pressures leading to right ventricular failure (3) . Although the pathogenesis of PAH is not fully understood, the histopathological characteristics include intimal lesions, medial hypertrophy, and adventitial thickening of precapillary pulmonary arteries (2) . In PAH patients, different degrees of medial hypertrophy were noted in small pulmonary arteries, ultimately leading to the obliteration of the vessels (2) . Hyperplasia of pulmonary artery smooth muscle cells (PASMCs) is the main element of these changes (4, 5) . Also, there is evidence that the intermediate-conductance calciumactivated potassium channel (KCa3.1 channel) is associated with smooth muscle proliferation (6) (7) (8) . However, it is still a controversial question whether there is a correlation between KCa3.1 channel and PAH.
Many experimental animal models of PAH exist and this includes monocrotaline (MCT)-induced and chronic hypoxiainduced rats (9) (10) (11) . Although the precise mechanism by which MCT leads to PAH is unknown, the MCT-induced PAH model is a mainstay in evaluating experiments of new therapeutic interventions. MCT models can be created by a single subcutaneous or intraperitoneal injection in rats (12) . MCTinduced PAH models shows excessive proliferation of pulmonary arterial smooth muscle cells.
Current therapeutic strategies for decreasing PAH include calcium channel blockers, endothelin (ET) receptor antagonists, phosphodiesterease type 5 inhibitors, and prostanoid. Calcium channel blocker induces vasodilation through the decrease in intracellular calcium concentration (1) . ET receptor antagonist has vasodilation and anti-proliferative properties but it is expensive. Phosphodiesterease type 5 inhibitor also induces vasodilation and antiproliferative properties by inhibiting cyclic guanosine monophosphate degradation. However, no data is currently available on the long-term efficacy of the lower dosage. Prostanoid is a cyclic adenosine monophosphate (cAMP)-dependent agent that induces vasodilation and an antiproliferative property. It is difficult for oral administration, it has a short half-life and it is expensive. These current therapies have an effect on PAH but the prognosis of PAH remains poor (13) (14) (15) (16) . The current medications have limitations because they provide only symptomatic alleviation. Survival rate continues to be poor despite treatment, so developing a new drug for PAH is urgent (17) .
Modafinil (Provigil; Cephalon, West Chester, PA) is an agent that has been approved by the Food and Drug Administration for narcolepsy (18, 19) . It has been described that modafinil has an effect on cAMP-induced decrease in KCa3.1 currents or in vascular smooth muscle contraction (20) . In comparison with iloprost, the advantages of modafinil are that it is available for oral administration, it has a long half-life and it is inexpensiveness. However, there has been no report about modafinil in PAH.
It has been reported that cell proliferation is regulated by KCa3.1 channel in SMCs. There are several studies about the effect of KCa3.1 channels blocker on human lung mast cell proliferation and migration (21, 22) . However, there have not been any reports about the effect of modafinil on PASMCs proliferation.
The purposes of this study were to determine the optimal dosage of modafinil to improve PAH and to investigate the effect of modafinil on right ventricle pressure (RVP), right ventricular hypertrophy, pathology, and protein expressions in MCT-induced PAH rat.
RESULTS

RVP Was Reduced After Modafinil Treatment
RVP was increased in the M group compared to the C group at weeks 2 (C vs. M; 10.67 ± 0.58 vs. 27.33 ± 3.79 mmHg, P < 0.05) and 4 (C vs. M; 10.67 ± 1.53 vs. 31.75 ± 2.50 mmHg, P < 0.05).
We compared changes of RVP according to the size of the dose of modafinil. (Figure 1) . Modafinil had an effect on RVP, but there were no significant changes according to the dose of modafinil. These data suggest that modafinil treatment has a beneficial effect on PAH.
RV Hypertrophy Was Decreased After Modafinil Treatment
RV/body weight (BW) was also increased in the M group at weeks 2 and 4 (P < 0.05) compared with the C group ( Table 1) .
RV/BW significantly reduced in the MD group compared with the M group at week 4 (M vs. MD (4 mg/kg) vs. MD (10 mg/kg) vs. MD (50 mg/kg); 1.76 ± 0.14 vs. 1.45 ± 0.14, vs. 1.30 ± 0.30 vs. 1.28 ± 0.26, P < 0.05).
RV/LV+S ratio was lager in the M group compared with the C group at weeks 2 and 4 (P < 0.05). RV/LV+S ratio was reduced in the MD group compared to the M group at week 4 (M vs. MD (4 mg/kg) vs. MD (10 mg/kg) vs. MD (50 mg/kg); 0.90 ± 0.17 vs. 0.72 ± 0.14vs. 0.67 ± 0.11 vs. 0.52 ± 0.15, P < 0.05). Thus, the results suggest that modafinil attenuates RV hypertrophy due to the decrease in RVP in MCT-induced PAH rats as shown in Figure 2 .
Changes of Pathology According to the Dose of Modafinil in MCT-Induced PAH Rat
In terms of pulmonary pathology, medial wall thickness of the pulmonary arterioles was increased in the M group compared to the C group at weeks 2 and 4. Because it was a first trial on the effects of modafinil on PAH, we had to consider what dose to test. We decided to try: 4, 10, and 50 mg/kg. We demonstrated that at 4 mg/kg of modafinil, small pulmonary artery's medial wall thickness was reduced at week 2 (M vs. MD (4 mg/kg) vs. (Figure 3 ). Present data suggests modafinil positively affects pulmonary vascular remodeling by inhibiting excessive proliferation of the medial wall and as we mentioned earlier it improved pulmonary hemodynamics. Overall, MD (50 mg/ kg) had no effect in the reduction of medial wall thickening at week 2 and MD (4 mg/kg) had no effect in the reduction of neovascularization at week 2 as well. Therefore, we considered that MD (10 mg/kg) is the most appropriate dose. So, we proceeded with the second experiments using MD (10 mg/kg) group tissues.
The Survival Rate Improved After Modafinil Treatment
The survival rate reduced in the M group compared to the C group and increased in the MD group compared to the M group at week 4 (C vs. M vs. MD; 100.0% vs. 66.7% vs. 73.3%).
ET-1 and ERA Expressions Were Reduced After Modafinil Administration
We investigated ET-1 and endothelin receptor A (ERA) expression levels in lung tissues by western blot analysis and immunohistochemistry ( Figure 4) . First, in western blot analysis, the protein expression levels of ET-1 was significantly increased in the M group compared to the C group and significantly decreased in the MD group compared to the M group at week 4 in the lung tissues. The protein expression levels of ERA were significantly increased in the M group compared to the C group and significantly decreased in the MD group compared to the M group at week 4. Second, in immunohistochemistry, ET-1 expression was significantly increased in the M group compared to the C group and significantly decreased in the MD group compared to the M group at week 4. ERA expression was significantly increased in the M group at weeks 2 and 4 and significantly decreased in the MD group at weeks 2 and 4. Third, in PASMCs, the expression level of ERA was significantly increased in the M group and significantly decreased after modafinil (100 nmol/l) treatment. Because of this, we considered that modafinil contributed to the improvement of PAH by controlling expression levels of ET-1 and ERA.
KCa3.1 Channel Expression Was Reduced After Modafinil Administration
We investigated changes of KCa3.1 channel expression levels after modafinil administration by western blot analysis and immunohistochemistry in lung tissues. First, KCa3.1 channel expression was increased in the medial walls of the pulmonary arterioles in the M group compared with the C group. KCa3.1 channel expression levels of primary PASMCs of the M group was significantly increased compared to the C group ( Figure 5) . Second, in western blot analysis and immunohistochemistry, KCa3.1 channel expression levels were significantly increased in the M group compared to the C group and significantly decreased in the MD group compared to the M group at week 4. Third, in PASMCs of MCT-induced PAH rats, KCa3.1 expression was significantly decreased after modafinil (100 nmol/l) treatment. Fourth, intracellular cAMP level was significantly decreased by ET-1 in PASMCs. Modafinil and forskolin significantly increased the cAMP levels. Forskolin is commonly used to raise intracellular cAMP level. Fifth, ET-1-induced proliferation was significantly decreased by modafinil and KCa3.1 channel-specific blocker, TRAM-34 ( Figure 6) . Therefore, we concluded that modafinil decreased PASMC proliferation by KCa3.1 dependent pathway.
Protein Expressions of Bax, VEGF, TNF-α, and IL-6 Were Decreased in Lung Tissues After Modafinil Administration
We investigated other protein expressions such as Bcl-2-associated X (Bax), vascular endothelial growth factor (VEGF), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) in the lung tissues (Figure 7) . First, Bax expression (apoptosis marker) was significantly decreased after modafinil administration at week 4. Second, VEGF (angiogenesis marker) was significantly decreased after modafinil treatment at week4. Third, TNF-α and IL-6 (inflammation marker) were also decreased after modafinil administration at weeks 2 and 4. We confirmed reduced expression levels of Bax, VEGF, TNF-α, and IL-6 by immunohistochemistry. Therefore, the data suggests that modafinil decreased Bax, VEGF, TNF-α, and IL-6 expression level in PASMCs.
DISCUSSION
Our main conclusion is that modafinil did improve PAH in our rat model by reducing RVP and medial wall thickening of pulmonary arterioles.
The main purpose of this study was to determine the effects of modafinil on PAH rat model. We have the following important results: (i) modafinil did reduce RVP and improve survival rate in PAH rats; (ii) it had an effect on the improvement of RV hypertrophy which is an indicator of RV pressure overload caused by elevated pulmonary artery pressure; (iii) it decreased the number of intra-acinar arteries and medial wall thickening in pulmonary arterioles which are an index of vascular remodeling.
We have two hypotheses for the mechanisms of how modafinil decreases medial wall thickening: (i) modafinil has a vasodilatory and antiproliferative effects through a decrease in expression of ET-1 and ERA in the lung tissues. The reason why we think ET-1 is involved is as follows. There have been reports that other cAMP elevating drugs similar to modafinil decrease ET-1 release and ERA protein expression level in PASMCs. In Wort et al. (23) study, there was a report that cicaprost inhibited endogenous endothlin-1 release from human PASMCs. In Davie et al. (24) study, cicaprost inhibited ET-1 release from PASMCs, increased cAMP levels and suppressed DNA synthesis; (ii) modafinil shows an antiproliferative effect by the reduction of KCa3.1 channel expression in PASMCs in the lung tissues. This hypothesis was based on a previous report that KCa3.1 channel is involved in airway smooth muscle (22) .
We think that modafinil's effects on decrease in pulmonary vessel contraction and remodeling secondarily leads to an improvement in apoptosis, neovascularization and inflammation (Bax, VEGF, IL-6, and TNF-α gene expression) in PAH rats. These findings do support our hypothesis that oral modafinil administration improves PAH.
The positive effect of modafinil on PAH might be due to the involvement of dual pathways. The first is ET-1-dependent pathway. In this study, modafinil decreased ET-1 and ERA expression in the lung tissues. ET-1 is a well-known vasoconstrictor and is increased in PAH patients (25) . Modafinil is a cAMP-elevating agent similar with iloprost currently being using for PAH (20) . According to Wood et al. ET-1 expression was decreased by elevated cAMP levels (23) . There was a report that cAMP induces upregulation of ERA mRNA level. It suggests that modafinil decreases ET-1 by elevating cAMP levels (23, 26) . However, the mechanisms that ET-1 elevates cAMP levels are not clear.
The second is the KCa3.1-dependent pathway. In our study, KCa3.1 channel expression significantly reduced in the lung tissues, especially PASMCs, by the effect of modafinil. KCa3.1 channels are phosphorylated by cAMP-dependent pathway (20) . Cruse et al. (21) reported that the blockade of KCa3.1 channels attenuated human lung mast cell proliferation and migration. According to Shepherd et al. (22) KCa3.1 channels regulated smooth muscle proliferation of the human lung airway. In Strøbaek et al. (27) study, KCa3.1 channels attenuated human lung mast cell blocker NS6180. In our study, modafinil showed the ability to decrease in KCa3.1 channels expression at a very low concentration at 100 nmol/l in vitro. So, our conclusion is that decreased KCa3.1 expression is involved in reduced PASMCs proliferation in PAH. Decreased RVP is because of a reduction in PASMCs proliferation, which enlarges the inner space of the pulmonary vessels.
We think that modafinil improves PAH by reducing excessive vascular SMC contraction via ET-1 and proliferation via KCa3.1 channel. Decrease in vasoconstriction and PASMCs proliferation also leads to a decrease in apoptosis markers (Bax), angiogenesis marker (VEGF), and inflammatory markers (TNF-α, IL-6).
Modafinil has a similar effect on PAH rats as other current therapies, such as ETR antagonists, phosphodiesterease type 5 inhibitor, and prostacyclin (1). Even though these treatments have not led to a cure yet, these treatments have increased the survival rate and quality of life. From our previous study of the same PAH models, RVP and the number of intra-acinar arteries were decreased at weeks 2 and 4 after bosentan (25 mg/kg/d) administrations. Medial wall thickening was also decreased at week 4 after bosentan treatment (28,29).
Articles
Our previous infliximab (TNF-α antagonist) study (5 mg/kg, single sc injection) on the MCT-induced PAH model was as follows: medial wall thickening was decreased at week 1, the number of intra-acinar arteries at weeks 2 and 4 but there was no effect on RVP (30). Clozel et al. (31) used an injection of the same dose of MCT (60 mg/kg) as our study. Their results were decreased RV/body weight at week 4 after treatment of bosentan (300 mg/kg/d) and/or sildenafil (100 mg/kg/d). Modafinil's inhibitory effect on RV hypertrophy was similar with bosentan or sildenafil.
However, it was difficult to compare the data itself directly because their sacrifice time and MCT dose was different from Figure 7 . Changes of Bax, VEGF, TNF-α, and IL-6 in the lung tissues of PAH rat. Bax, VEGF, TNF-α, and IL-6 expressions were decreased after modafinil administration in the lung tissues. Bax, Bcl-2-associated X protein; C, control group; IL-6, interleukin-6; M, monocrotaline group; MD, modafinil group; TNF-α, tumor necrosis factor-α; VEGF, vascular endothelial growth factor; * P < 0.05 C vs. M, † P < 0.05 M vs. MD. ours. Therefore, the effects of modafinil were as good as current therapies compared with previous studies. Modafinil has several advantages as a new therapeutic approach under development for PAH compared with other current medication.
First, it has few safety problem and less side effects. Modafinil treatment has been associated with minimal toxicity and low propensity for abuse (32) . The second advantage is both relaxation and antiproliferative effect in vascular smooth muscle simultaneously. In our study, modafinil has effects on decreasing KCa3.1 expression in the lung tissues of MCT-induced PAH rats. KCa3.1 blocker TRAM-34 can possibly reduce proliferation but it cannot induce relaxation (33) . The third is that it can be delivered orally (34) . The mechanisms of modafinil are similar with prostacyclin, elevating cAMP. Prostacyclin is administrated by the intravenous, inhaled, and subcutaneous routes but not by an oral route (1). Fourth, it has a long halflife. Prostacyclin has a short half-life compared to modafinil which is half-life is 15 h. So, prostacyclin is inconvenient to take. Fifth, it is relatively low in price.
We also investigated the optimal dose of MD. We think that it might be as 10 mg/kg. There were no differences in the effects according to modafinil dosage in PAH. RVP and RV/ LV+S ratio were not significantly different according to dose. However, there was no effect on medial wall thickening in MD 50 mg/kg at week 2 and the number of intra-acinar arteries in MD 4 mg/kg at week 2. Therefore, we mainly used 10 mg/ kg modafinil in this study. Currently, 200 mg/d of modafinil is used in narcolepsy, sleep apnea/hypopnea syndrome, and shift fork sleep disorder according to the Provigil prescription information (32) .
Modafinil may be used in treating cardiovascular disease and has potential to induce vessel relaxation and inhibit excessive proliferation of vascular cells.
In conclusion, modafinil has an effect on the suppression of PAH. Furthermore, this study suggests that modafinil might be a new medicine for PAH. Further studies are needed to determine what pathways are involved in improvement of PAH by modafinil.
METHODS
Animal Model
Six-week-old male Sprague-Dawley rats were obtained from Orient Bio (Orient Bio, Seongnam, Korea). The rats were kept at a constant room temperature with a natural day-night cycle. PAH was induced in rats by MCT (Sigma Chemicals, St. Louis, MO) injection subcutaneously. The rats were grouped as follows: the control (C) group (n = 30); the M group (n = 64, MCT 60 mg/kg) (29, 30) ; the MD group (n = 70, MCT 60 mg/kg + modafinil). The MD group was subdivided to three subgroups to determine therapeutic optimal dose of modafinil (4, 10, and 50 mg/kg). The study protocols were approved by the Institutional Review Board of the School of Medicine of Ewha Womans University. All studies were approved by Institutional Animal Card and Use Committee (IACUC No. 13-0238).
Hemodynamics
Rats were anesthetized intraperitonealy with Zoletil (Virbac, Carros, France) and Rompun (Bayer Korea, Seoul, Korea). Hemodynamic parameters were recorded at baseline, weeks 2 and 4. The catheter was placed in the RV to estimate the mean RVP.
Pathology in the Lung Tissues
Medial wall thickening and the number of intra-acinar arteries assessed as previously described (35).
Masson's Trichrome Staining in RV Tissues
Masson's trichrome staining was performed. It is used in order to observe the degree of collagen fiber penetrating using light microscopy. The photographs were processed through an image analysis program (anaylySIS FIVE, Olympus, Tokyo, Japan) and the degree of collagen fiber was measured by image J (NIH imageJ software version 1.43u). To verify the differences within each group, we implemented Duncan's multiple range test.
Western Blot Analysis in the Lung and RV Tissues
Whole tissue extracts from rat lung were prepared by homogenization in lysis buffer (Proprep, Intron, Seongnam, Korea). Lysates were normalized and separated on 8-12% polyacrylamide gels and transferred to nitrocellulose blotting membranes (GE Healthcare: formerly Amersham Bioscience, Munich, Germany). After staining with Ponceau red, membrane blocked with 5% bovine serum albumin 1 h at room temperature followed by incubation with primary antibodies; ET-1 (Abcam, Cambridge, UK), KCa3.1 (Sigma-Aldrich), ERA, Bax, Bcl-2, VEGF, TNF-α, and IL-6 (Santacruz Biotechnology, Santa Cruz, CA) overnight. Nitrocellulose membranes were then washed in TBS-T. The membranes were incubated with horseradish conjugated secondary antibodies for 1 h at room temperature. The bound secondary antibody was detected by ECL western blotting detection reagents (GE Healthcare: formerly Amersham Bioscience, Buckinghamshire, UK).
Immunohistochemical Analysis in Lung Tissues
Immunohistochemical analysis was performed with antibodies to ET-1, KCa3.1, ERA, Bax, Bcl-2, VEGF, TNF-α, and IL-6. Paraffin blocks that were routinely processed after 10% neutral buffered formalin (Sigma-Aldrich, St. Louis, MO) fixation in the lung and heart tissues. Heat antigen retrieval was achieved by boiling of tissue sections in antigen retrieval solution pH 6.0 or pH 9.0 (Dako, Carpinteria, CA) for 10 min in microwave prior to incubation at 4 °C overnight with primary antibodies. After incubation with the appropriate biotinylated secondary antibodies for 30 min at 4 °C and subsequently with a streptavidin (Dako, Kyoto, Japan), color development was done using 3-amino-9-ethylcarbazole (AEC, Kyoto, Japan). The photographs were processed through an image analysis program (analySIS FIVE, Olympus, Tokyo, Japan) and the degree of staining densities was measured by image J.
PASMC Isolation
Normal Sprague-Dawley rats or MCT-induced PAH rats were anesthetized and the lungs and heart were excised. The pulmonary arteries were dissected at 4 °C filtered phosphate-buffered saline. Arteries were cleaned of connective tissue, cut into small pieces, and placed in a tube containing enzyme solution. PASMCs were enzymatically isolated from pulmonary arteries at 37 °C. The pulmonary arterial tissues were flushed a few times. After digestion, the resulting dispersed PASMCs were centrifuged 1,200 rpm, 5 min and replaced to new media. Only cells with normal morphology were studied.
cAMP Production Intracellular cAMP level was measured after stimulation by ET-1 or ET-1 + MD (100 nmol/l) at 24 h. Intracellular cAMP accumulation level was assessed using cAMP parameter assay (R&D systems, Minneapolis, MN) as described.
Proliferation Assay
Proliferation assay was processed after stimulation by ET-1 or ET-1 + MD or ET-1 + TRAM-34 at 24 h. Proliferation was assessed using EZ-Cytox Cell viability assay kit was (Daeil Lab Service, Seoul, Korea).
Statistical Analysis
Results are expressed as the mean ± SD. Data were analyzed using SPSS (SPSS v22.0, Chicago, IL) for windows. The Mann-Whitney test was used to test for significant differences between the C and M group. The Kruskal-Wallis test was used to test for significant differences between M group and MD group. If significant, we conducted Pairwise by Conover method among the MD groups.
